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The effect of exogenous testosterone on muscle regeneration in the intact animal has been investigated with several types of muscle injury (6, 16, 17) . Several questions related to the role of testosterone on muscle regeneration still remain, since the interpretation of these studies must account for type of injury inflicted, the outcome variables used to assess regeneration, and the type of muscle examined (6, 16, 17) . Additionally, the majority of studies have not examined anabolic steroid administration in castrated or diseased male rodents that have diminished or ablated baseline testosterone levels. Exogenous testosterone administration in the form of ND to noncastrated rats has proven beneficial for gastrocnemius muscle regeneration from crush injury (6) . Rat soleus muscle mass accretion in intact rats is also enhanced by anabolic steroid administration 25 days after snake venom-induced muscle injury, while fastglycolytic extensor digitorum longus muscle mass accretion was not altered (16) . Exogenous testosterone or anabolic steroid regulation of the rate and extent of muscle regeneration in castrated mice is in need of further investigation. The primarily fast-glycolytic mouse tibialis anterior (TA) muscle has been shown to be sensitive to circulating androgens and undergoes atrophy in castrated mice (4, 64) . Additionally, testosterone has also been implicated in successful mouse TA regeneration from muscle graft surgery when comparing intact and castrated mice (19) . Although the regulation of TA muscle regeneration from injury has been widely examined (4, 64) , the impact of castration and anabolic steroid administration on these regenerative processes has not been established. Skeletal muscle's initial regenerative response after injury has similarities to the physiological response of wound repair and requires the coordinated regulation of inflammation, extracellular matrix remodeling, and myofiber growth (2, 22) . Testosterone has a documented ability to modulate the activity of immune, fibroblast, and myogenic precursor cells, which are all components of regeneration (18 -20, 48, 66) . Analysis of myotoxin-induced muscle injury has provided considerable insight into mechanisms that promote or limit skeletal muscle regeneration. Intramuscular injection of bupivacaine, a local anesthetic, causes extensive muscle fiber necrosis, initial muscle mass loss, and contractile force deficits, while leaving the basal lamina, nerves, and blood vessels intact (7, 40, 67) . The initial phase of muscle recovery in this model is characterized by damaged tissue necrosis and an inflammatory response (58) , which is then followed by satellite cell activation and proliferation (45) . Morphological analysis has shown that many indexes of successful regeneration in healthy muscle can be completed within 2-3 wk of recovery from injury (34, 44) . As recovery continues, muscle mass and force production return to uninjured values, and, at longer time points of recovery, bupivacaine-treated muscle can hypertrophy (42, 44) . The effect of anabolic steroid administration on the regulation of regeneration in the mouse TA muscle has not been examined.
Insulin-like growth factor I (IGF-I) induced signaling can promote muscle regeneration after injury and is also a potential target for testosterone action during muscle regeneration (14, 30) . IGF-I initiated signaling can stimulate muscle protein synthesis and satellite cell activity (14, 61) . IGF-I overexpression also enhances recovery from myotoxin-induced injury (47, 56) . Anabolic steroid administration has been shown to increase both circulating IGF-I and muscle mRNA expression of IGF-I (15, 55) . Akt (protein kinase B) is a serine-threonine kinase and intracellular mediator of IGF-I/phosphatidylinositol 3-kinase signaling that can regulate muscle mass (24, 54) . Akt is activated by phosphorylation at serine 473 (1), and activated Akt can phosphorylate glycogen synthetase kinase-3␤ (GSK-3␤), inactivating this kinase, and removing inhibition of translation initiation factor eIF2b (41, 63) . Although testosterone can increase Akt phosphorylation in cultured myotubes (46) , anabolic steroid-induced hypertrophy in vivo can occur independent of the Akt/mammalian target of rapamycin signaling (21). Testosterone's effect on Akt and GSK-3␤ phosphorylation during regeneration from muscle injury is not certain.
The effect of anabolic steroid administration on bupivacaine-induced regeneration of the mouse TA muscle from castrated mice has not been investigated. The purpose of this study was to determine whether mouse TA muscle regeneration from bupivacaine-induced injury was responsive to anabolic steroid administration. We hypothesized that ND administration would increase muscle mass accretion by stimulating IGF-I signaling and small myofiber formation during the first 2 wk of the regenerative process, which will support enhanced muscle growth at 42 days after injury.
METHODS

Animals
C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME). The overall study consisted of four separate animal experiments. Study 1 examined protein expression 5 days postinjury. Study 2 examined muscle morphology, protein expression, and gene expression 14 days postinjury. Study 3 examined muscle morphology, protein expression, and gene expression 42 days postinjury. Study 4 examined muscle force production 42 days postinjury. All studies were initiated with male C57BL/6 mice that were ϳ8 wk of age. All animals in the study were subject to castration surgery 1 wk after arrival at the University of South Carolina animal facility and 2 wk before the initiation of muscle injury (see Castration Surgery below). For studies 1-3, mice (n ϭ 5-6) were randomly assigned to one of four treatment groups as follows: 1) uninjured; 2) ND only (uninjured ϩ ND); 3) bupivacaine (injured); and 4) bupivacaine ϩ ND (injured ϩ ND). For study 4, animals (n ϭ 3-6) were assigned to uninjured, injured, and injured ϩ ND treatment groups. All animals were housed individually, kept on a 12:12-h light-dark cycle, and given ad libitum access to normal rodent chow and water for the duration of the study at the fully accredited animal care facilities at the University of South Carolina, Columbia, SC. The University of South Carolina Animal Care and Use Committee approved all procedures used in this study.
Castration Surgery
After 1 wk in the animal facility (ϳ9 wk of age), all mice were subjected to castration surgery. Mice were given a subcutaneous injection of ketamine/xylazine/acepromazine cocktail [1.4 ml/kg body wt (BW)]. A small incision (ϳ2cm) was made in the abdominal wall. Testes were located and pulled up through the incision. A cut through the epididymis was made to remove the testes. Following removal, the vas deferens were tied off, and the abdominal incision sealed with suture. All mice were given 2 wk to recover to allow a washout period for endogenous testosterone, before bupivacaine and steroid treatment (26) .
Anabolic Steroid Administration
The anabolic steroid, ND (Deca-Durabolin, Organon), was used in these studies because of its long biological half-life and previous studies demonstrating an anabolic effect in rodent skeletal muscle (12, 59, 60) . Fourteen days after the castration procedure, supraphysiological doses of ND (6 mg/kg BW) or sesame seed oil control were injected in the same volume intramuscularly into the hip region every 7 days, and the right and left hip were alternated each week for the duration of the study. Injection began on the day of bupivacaine injections and is referred to as day 0. Animals in the 14-day study received two injections at day 0 and day 7, while animals in the 42-day study received injections every 7 days, starting at day 0 and ending at day 35.
Bupivacaine Injection
Fourteen days after the castration procedure, on the same day as ND treatment, mice were given injections of bupivacaine or PBS in the TA muscle. A small (1 cm) incision was made in the skin overlying the distal one-third of the TA. A 25-gauge, 5/8 (0.5 ϫ 16 mm) needle was inserted along the longitudinal axis of the muscle, and the bupivacaine was injected slowly as the needle was withdrawn. A second injection was performed ϳ3 mm and at a 15°angle from the first injection. The injection volume of 0.75% bupivacaine (Marcaine HCl) for the mouse was 0.03 ml per injection. After the injection, the skin was bound with Vet-bond adhesive.
Muscle and Tibia Extraction
Mice were anesthetized with an intramuscular injection of ketamine hydrochloride (90 mg/kg BW), xylazine (7 mg/kg BW), and acepromazine (1 mg/kg BW). The TA muscles were extracted at 5, 14, and 42 days after bupivicaine injection. One side was snap frozen in liquid nitrogen and stored at Ϫ80°C for protein and gene expression analysis, and the other was cut at the midbelly, mounted in optimum cutting temperature compound (OCT), and then dropped in freezing isopentane. Once frozen, the sample was stored at Ϫ80°C for later morphological analysis. After the TA was dissected out, the tibia was removed and measured with a plastic caliper (Fine Science Tools, Foster City, CA).
Morphological Analysis
Sectioning of muscle and staining was performed the same as described previously (26, 31) and modified for the TA muscle. Cross-sectional area (CSA) analysis was done, as previously described (5, 35) . Three distinct digital images from hematoxylin and eosin-stained muscle sections at a ϫ200 magnification were taken per muscle and digitally analyzed for muscle fiber CSA (m 2 ) with National Institutes of Health imaging software (Scion Image). Approximately 200 fibers were traced per sample, which, by examination of no additional change in standard deviation, was determined to be an appropriate fiber number. All fibers in the cross-sectional images were quantified, unless the sarcolemma was not intact. The classification of small and large fibers was determined by setting three standard deviations from the mean CSA for the uninjured group at both 14-and 42-day time points. The set point came to ϳ3,500 m 2 to designate large fibers and 1,000 m 2 to designate small fibers at 14 days, and 3,250 m 2 to designate large fibers and 1,500 m 2 to designate small fibers at 42 days.
Force Measurements
Mice were anesthetized with a subcutaneous injection of ketamine/ xylazine/acepromazine (1.4 ml/kg BW) cocktail. The distal tendon of the TA muscle was exposed through an incision on the anterior side of the ankle. The tendon was cut just before the insertion at the ankle. The tendon was tied with a 4.0 nylon suture and attached to an isometric transducer. The sciatic nerve was exposed with an incision in the hamstring region. The tibial nerve was cut just after the sciatic nerve splits into the tibial and peroneal nerves to eliminate any contraction from the gastrocnemius muscle causing background in the force data. The sciatic nerve was then cut as close to the hip bone as possible and dissected from surrounding fascia. The exposed sciatic nerve was then laid over two electrodes with a small piece of parafilm placed under the suspended nerve to prevent contact with other tissue. The nerve was kept moist with periodic treatment of mineral oil. The nerve was stimulated using a supramaximal square-wave pulse of 0.1-ms duration. Measurements were made at the length at which maximal tension was obtained during the twitch. Data were recorded for submaximal (P 50 Hz; stimulating frequency of 50 Hz) and maximal (stimulation frequency of 75-150 Hz) isometric force. Specific maximal force was quantified by correcting for muscle mass.
RNA Isolation, cDNA Synthesis, and Real-time PCR
RNA isolation, cDNA synthesis, and real-time PCR were performed as previously described (32), using reagents from Applied Biosystems (Foster City, CA). Quantitative real-time PCR analysis was carried out in 25-l reactions consisting of 2ϫ SYBR green PCR buffer (AmpliTaq Gold DNA polymerase, buffer, dNTP mix, AmpErase UNG, MgCl 2), 0.1 l cDNA, RNase-free water, and 60 nM of each primer. The sequences for the primers were as follows: IGF-I forward, 5Ј-GCATTGTGGAT-GAGTGTTGC-3Ј; IGF-I reverse, 5Ј-GGGAGGCTCCTCCTACATTC-3Ј,18s forward, 5Ј-AAACGGCTACCACATCCAAG-3Ј 18s reverse, 5Ј-CCCTCTTAATCATGGCCTCA-3Ј; skeletal ␣-actin forward, 5Ј-CTC CTA CGT GGG TGA TGA GG-3Ј; skeletal ␣-actin reverse, 5Ј-AGG TGT GGT GCC AGA TCT TC-3Ј. MyoD, cyclin D1 (FAM dye), and 18s (VIC dye) primers were purchased from Applied Biosystems gene expression assays. Samples were analyzed on an ABI 7300 Sequence Detection System. Reactions were incubated for 2 min at 50°C and 10 min at 95°C, followed by 40 cycles consisting of a 15-s denaturing step at 95°C and 1-min annealing/extending step at 60°C. Data were analyzed by ABI software using the cycle threshold (C T), which is the cycle number at which the fluorescence emission is midway between detection and saturation of the reaction. The 2 Ϫ⌬⌬CT method (28) was used to determine changes in gene expression between treatment groups, with the 18s C T as the correction factor.
Western Blotting
Western blot analysis was performed as previously described (35) . Briefly, frozen TA muscle was homogenized in Mueller buffer and protein concentration determined by the Bradford method (10). Crude muscle homogenate (40 g) was fractionated on 6 -10% SDS-polyacrylamide gels. Gels were transferred to polyvinylidene difluoride membranes overnight. Membranes were Ponceau stained to verify equal loading of each gel. Membranes were blocked overnight in 5% milk in Tris-buffered saline with 0.1% Tween-20 (TBS-T). Primary antibodies for androgen receptor (AR) (Santa Cruz), pAkt (ser473), Akt, pGSK-3␤ (ser9), and GSK-3␤ (Cell Signaling) were diluted 1:1,000 to 1:500 in 5% milk in TBS-T, followed by 1-h incubation with membranes at room temperature. Anti-rabbit IgG horseradishperoxidase-conjugated secondary antibodies (Cell Signaling) were incubated with the membranes at 1:2,000 dilutions for 1 h in 5% milk in TBS-T. Enhanced chemiluminescence (GE Healthcare Life Sciences, Piscataway, NJ) was used to visualize the antibody-antigen interactions. Images were digitally scanned, and blots were quantified by densitometry using scientific imaging software (Scion Image, Frederick, MD). The Ponceau-stained membranes were also digitally scanned, and the 45-kDa actin bands were quantified by densitometry and used as a protein loading correction factor for each lane.
Data Analysis
Results are reported as means Ϯ SE. The 2 analysis was used to determine differences in proportion of small fibers and proportion of large fibers between treatment groups. Two-way ANOVAs were used to assess main effects for injury, ND administration, or interactions between injury and ND at days 5, 14, or 42. Where significant interactions existed, StudentNewman-Keuls methods were used as post hoc analyses between treatments. A one-way ANOVA was used to determine differences in force data with Student-Newman-Keuls methods used to determine differences between groups. A P value of Յ0.05 was considered significant.
RESULTS
Body Weight and Tibia Length
Castration and anabolic steroid administration can both alter body mass and postnatal growth. There was a main effect of ND administration to increase body weight at 14 days (P ϭ 0.009; Table 1 ) and Values are means Ϯ SE; n, no. of animals. ND, nandrolone decanoate; Pre, before; Post, after; TA, tibialis anterior; TA/tibia, TA muscle weight normalized by tibia length; CSA, cross-sectional area. Data were analyzed with a two-way ANOVA within each day of recovery. *Significant main effect of ND (P Ͻ 0.05).
†Significant main effect of injury (P Ͻ 0.05).
42 days (P Ͻ 0.001; Table 1 ), compared with uninjured controls. These differences in body weight may be related to ND offsetting body weight loss due to castration. There was no effect of bupivacaine-induced muscle injury on body weight at either 14 or 42 days. Mouse tibia lengths were used as indexes of animal size. Tibia length was not affected by 14 days of ND administration, but mice receiving 42 days of ND treatment showed a main effect of ND to increase tibia length compared with oil-injected mice. These results demonstrate that 42 days of ND administration accelerated body mass accretion and overall growth in castrated mice.
Muscle Weight
TA muscle weight was recorded at 5, 14, and 42 days after bupivicaine-induced injury. At 5 days after injury, there was a main effect of injury to decrease muscle weight (uninjured 30.8 Ϯ 1.5, uninjured ϩ ND 39.1 Ϯ 1.4, injured 26.7 Ϯ 2.0, injured ϩ ND 29.9 Ϯ 2.4 mg; P ϭ 0.003) in TA muscle weight independent of ND treatment, although there was also a main effect ND treatment to increased TA weight (P ϭ 0.008). Both ND and injury independently increased TA weight at 14 and 42 days of recovery (Table 1) . At 14 and 42 days of recovery, there was a main effect of both ND and injury to increase muscle mass. There was no significant interaction between ND and injury on TA weight at 14 (P Ͻ 0.327) or 42 days (P ϭ 0.317) or recovery. Muscle weight corrected for tibia length was used to account for differences in overall body growth. The muscle-to-tibia length ratio showed main effect of both injury (P Ͻ 0.001; Table 1 ) and ND (P ϭ 0.004; Table 1 ) to increase the ratio of TA weight and tibia length at 14 and 42 days of recovery.
Muscle Force
Recovery of muscle force production is an indicator of successful regeneration from injury (17) . Muscle force was quantified in situ after 42 days of recovery from injury. Submaximal isometric force production at a stimulation of 50 Hz (P 50 ) was not affected by injury at 42 days of recovery. P 50 force was increased 33% (P ϭ 0.05; Table 2 ) in injured muscle receiving ND compared with uninjured controls. Maximal isometric tetanic force was 40 and 22% greater in injured muscle receiving ND (P ϭ 0.018; Table 2 ) compared with injured and uninjured control muscle, respectively. Although there was a 18 and 26% reduction in specific force in the injured and injured ϩ ND groups, there was no significant change in force corrected for muscle mass among treatment groups.
Muscle-fiber CSA
Fourteen days of recovery. There was a main effect of injury to decreased myofiber mean CSA at 14 days of recovery (Table  1) . Mean fiber area does not account for skeletal muscle shifts in overall fiber size distribution that are induced by remodeling stimuli. Muscle fibers were stratified by their CSA. At 14 days of recovery, the injured muscle demonstrated a significant increase (17 vs. 10%; P Ͻ 0.05) in the percentage of smalldiameter fibers (Ͻ1,000 m 2 ), compared with the uninjured control muscle (Fig. 1A) . Injured muscle also receiving ND had a significantly larger percentage of small-diameter fibers compared with the uninjured control (28 vs. 10%; P Ͻ 0.05) or injury without ND (28 vs. 17%; P Ͻ 0.05; Fig. 1B) . Administration of nandrolone to uninjured muscle was able to increase large-diameter fibers (17 vs. 11%; P Ͻ 0.05) and decrease small-diameter fibers (4 vs. 10%; P Ͻ 0.05). However, injured muscle with nandrolone administration showed an increase in small fibers (28 vs. 4%; P Ͻ 0.05) compared with uninjured muscle with nandrolone, yet had a decrease in the percentage of large fibers (6 vs. 17%; P Ͻ 0.05).
Forty-two days of recovery. There was a main effect of both ND and injury to increase mean fiber CSA after 42 days of recovery (Table 1) , and there was no interaction between the treatments. Injury alone decreased the percentage of smalldiameter (Ͻ1,500 m 2 ) fibers (17 vs. 20%; P Ͻ 0.05) and increased the large-diameter (Ͼ3,250 m 2 ) fibers (30 vs. 16%; P Ͻ 0.05; Fig. 1C ) after 42 days of recovery (Fig. 1C) . The injured muscle receiving ND had a significantly higher percentage of large-diameter fibers (47 vs. 30%; P Ͻ 0.05; Fig.  1D ) and a reduction in small-diameter fibers (9 vs. 17%; P Ͻ 0.05) compared with injury alone. ND administration alone reduced the percentage of small-diameter fibers (11 vs. 20%; P Ͻ 0.05) and increased the percentage of large fibers (35 vs. 16%; P Ͻ 0.05) compared with the uninjured control muscle. The injured muscle receiving nandrolone had a similar percentage of small-diameter fibers (9% vs. 11%) compared with the uninjured muscle receiving nandrolone. However, the injured ϩ ND group had an increase in percentage of large fibers (47 vs. 35%; P Ͻ 0.05) compared with the uninjured ϩ ND group.
Myogenic Gene Expression and Growth-related Signaling
Skeletal ␣-actin mRNA expression. Expression of thin-filament structural protein skeletal ␣-actin mRNA was quantified at 14 and 42 days of recovery (Fig. 2) . At 14 days of recovery, there was an interaction between ND and injury to increase skeletal ␣-actin mRNA expression (P ϭ 0.001), injured muscle receiving ND for 14 days increased skeletal ␣-actin mRNA expression fourfold above control levels ( Fig. 2A) , while injury alone did not alter skeletal ␣-actin expression. This ND induction of skeletal ␣-actin mRNA in injured muscle was also significantly greater (P ϭ 0.011) than ND treatment without injury. At 42 days of recovery, there was a trend for a main effect of ND to increase skeletal ␣-actin (P ϭ 0.066).
IGF-I mRNA expression. Expression of muscle IGF-I mRNA was quantified at 14 and 42 days of recovery (Fig. 3, A  and B, respectively) . At 14 days of recovery, there was a significant interaction between muscle injury and ND administration that was not present at 42 days of recovery. Injured muscle receiving ND for 14 days increased muscle IGF-I Values are means Ϯ SE; n, no. of animals. Po, maximal isometric force; P50, submaximal isometric force production at a stimulation of 50 Hz; sP, specific force (determined by mN at Po divided by muscle weight in g). *Significant difference from uninjured and injured groups (P Ͻ 0.05). mRNA expression fivefold above control levels (Fig. 3A) , while injury alone did not change IGF-I gene expression at 14 days of recovery. This ND induction of IGF-I mRNA in the injured muscle was also significantly greater than ND treatment without injury. At 42 days, there was a main effect of ND to increase IGF-I mRNA expression.
Akt activity. The muscle expression of total and phosphorylated Akt (ser473) protein was determined at 5 and 14 days of recovery (Fig. 4, A and B, respectively) . Akt activity is presented as the ratio of phosphorylated to total protein. All data are normalized to uninjured controls. There were no significant changes in total Akt protein with injury or ND administration at either recovery day. At 5 days of recovery, there was a main effect of both ND (P ϭ 0.002) and injury (P ϭ 0.001) to increase Akt activity. There was no interaction between injury and ND administration at 5 days of recovery. However, there was a significant interaction between injury and ND administration on Akt activity at 14 days of recovery. Injured muscle receiving ND increased Akt activity eightfold above control muscle at 14 days of recovery, whereas injury alone had no effect on Akt activity. While 14 days of ND administration increased Akt activity threefold (P ϭ 0.001) in uninjured muscle, the induction in injured muscle receiving ND was twofold greater (P ϭ 0.02) than the induction by ND alone.
GSK-3␤ activity. The muscle expression of total and phosphorylated GSK-3␤ (ser9) protein was determined at 5 and 14 days of recovery (Fig. 4, C and D, respectively) . GSK-3␤ activity is presented as the ratio of phosphorylated to total protein. There were no significant changes in total GSK-3␤ protein with injury or ND administration at either recovery day.
There was a main effect of both ND (P ϭ 0.001) and injury (P ϭ 0.028) to increase the ratio of phosphorylated to total GSK-3␤ at 5 days of recovery. There was no interaction between injury and ND administration at 5 days of recovery. After 14 days of recovery, there was a significant interaction between injury and ND administration on GSK-3␤ activity. Injured muscle receiving ND increased the ratio of phosphorylated to total GSK-3␤ approximately threefold above control muscle at 14 days of recovery, while injury alone had no effect on GSK-3␤ activity. While 14 days of ND administration increased the ratio of phosphorylated to total GSK-3␤ approximately twofold (P ϭ 0.008) in uninjured muscle, the induction in injured muscle receiving ND was significantly greater (P ϭ 0.002) than the induction by ND alone. AR expression. Muscle AR protein expression was determined at 5, 14, and 42 days of recovery (Fig. 5, A, B , and C, respectively). ND administration alone increased muscle AR protein expression two-to fivefold in uninjured muscle at 5, 14, and 42 days of administration. There was a main effect of injury at 5 days of recovery to increase AR protein expression, but no interaction between injury and ND administration. At 14 and 42 days of recovery, there were significant interactions between injury and ND administration for the induction of AR protein. Injured muscle receiving ND increased AR protein expression 3-fold above control at 14 days of recovery and 14-fold above control at 42 days of recovery. Injury alone did not have a significant effect on AR expression at either 14 or 42 days of recovery. The induction of AR expression in injured muscle receiving ND was significantly greater than the induction by ND alone at both 14 and 42 days of recovery. At 42 days of recovery (Fig. 5C ), there was a threefold greater induction of AR expression in the injured muscle receiving ND compared with the ND administration alone.
MyoD mRNA expression. Expression of MyoD mRNA was quantified at 14 and 42 days recovery (Fig. 6, A and B, respectively). There was a main effect of ND administration to increase MyoD mRNA expression after 14 days of recovery (P Ͻ 0.001; Fig. 6A ). There was no effect of injury on MyoD mRNA at day 14. After 42 days of recovery, there was a main effect of injury to increase MyoD mRNA expression, while there was no effect of ND administration (Fig. 6B) .
Cyclin D1 mRNA expression. Cell cycle regulator cyclin D1 mRNA expression was quantified at 14 and 42 days of recovery (Fig. 6, C and D, respectively) . There was a main effect of ND administration to increase cyclin D1 mRNA expression after 14 days of recovery (P ϭ 0.001; Fig. 6C ). After 42 days of recovery, there was a main effect of injury to decrease cyclin D1 mRNA expression. ND administration did not have an effect on cyclin D1 mRNA expression after 42 days of recovery.
DISCUSSION
It is well established that testosterone and its synthetic analogs are potent regulators of skeletal muscle mass, and this has served as the basis for their therapeutic use in patients suffering from muscle-wasting diseases (8) . Testosterone therapy also has the potential for aiding skeletal muscle regeneration after severe injury. Although exogenous testosterone administration has been shown to enhance rat soleus muscle mass and myosin protein accretion during regeneration from myotoxin-induced damage, this effect was suggested to be muscle phenotype specific (16) . To the best of our knowledge, our study reports the novel finding that ND administration to & difference between uninjured ϩ ND and uninjured control; *main effect of ND; #main effect of injury: P Յ 0.05. castrated mice can accelerate myofiber growth during regeneration from injury in a primarily fast-glycolytic muscle. Although our findings provide no direct causal relationship, this response is associated with a synergistic induction of muscle IGF-I gene expression and Akt activation during the first 2 wk of recovery by the combination of injury and ND. Muscle AR expression was also synergistically induced by injury and ND and suggests that the injured muscle receiving ND was also more androgen sensitive. AR induction of target gene transcription may be important for the acceleration of muscle mass accretion by ND during recovery from injury.
Skeletal muscles have been reported to differ in their sensitivity to circulating androgen levels (3). The mouse TA is a primarily fast-glycolytic hindlimb muscle, whose mass has been shown to be affected by circulating androgen levels (4). TA muscle mass steadily declines over time in castrated mice, and testosterone replacement can reverse this mass loss (4). As little as 2 wk of ND administration significantly increased TA muscle mass and the percentage of large-diameter myofibers. Possibly related to the induction of muscle mass, ND also increased muscle sensitivity to circulating androgens. Muscle AR expression was induced two-to fivefold in uninjured muscle receiving ND administration for as short as 5 days or as long as 42 days. IGF-I is a potent regulator of skeletal muscle growth (62) , and exogenous testosterone administration can induce muscle IGF-I expression (15) . ND administration for 2 wk induced IGF-I expression and activated signaling through Akt and GSK-3␤. The activation of phosphatidylinositol 3-kinase/Akt signaling could serve to increase the rate of protein synthesis in the uninjured muscle. Increased satellite cell activity is also thought to be an important mechanism for the anabolic action of testosterone in skeletal muscle (33, 50, 51) . Although we did not directly measure satellite cell activation, gene expression of cellular regulator proteins associated with muscle growth and the activation of satellite cells were quantified. Our study demonstrates that MyoD mRNA and cyclin D1 mRNA are significantly induced by ND in uninjured muscle. The activation of satellite cells has been thought to be required to increase myonuclear number during postnatal and overload-induced muscle growth. It appears in uninjured muscle lacking an androgenic stimulus that anabolic steroids can stimulate muscle androgen sensitivity, IGF-I signaling related to protein accumulation, and myogenic cell proliferation as early as 5 days after treatment. This appears to be a potent multisignaling approach for muscle growth not requiring mechanical overload.
Castration is a potent stimulus for decreasing TA muscle mass, but our data demonstrate that testosterone was not required for restoration of muscle mass and force after bupivacaine injury. Coinciding with muscle regeneration and healing, bupivacaine-or myotoxin-induced injury also induces muscle hypertrophy after extended recovery in rodent hindlimb muscles (39, 44) . Bupivacaine-induced hypertrophy of the mouse TA muscle was also not inhibited by castration. Injured muscle increased mass and had a significant shift to larger myofibers after 42 days of recovery, regardless of ND administration. These data demonstrate that the mouse TA muscle mass is sensitive to circulating androgen levels, but plasticity related to regeneration and hypertrophy after injury is retained. The question remaining is whether anabolic steroid administration enhances the rate of muscle mass accretion in the castrated mouse. Although muscle in the castrated mouse was able to successfully regenerate from injury, the present study provides evidence that anabolic steroid administration can enhance myofiber growth during injury recovery. There was a 57% increase in large-diameter fibers in injured muscle treated with ND for 42 days, compared with injury alone. Additionally, muscle peak tension was significantly increased in injured muscle treated with ND, compared with injury alone. Related to muscle mass accretion, there were significant main effects of both injury and ND administration to independently increase muscle mass after 14 and 42 days of recovery. However, due to the large effect of ND alone and variability within the regenerating muscles, there was no statistically relevant interaction between injury alone and injury plus ND at either 14 or 42 days of recovery. Mean muscle fiber CSA also demonstrated main effects of both ND and injury to independently increase myofiber area after 42 days of recovery. However, the induction of both large and small fibers with these treatments makes the examination of the myofiber size profile a more valid assessment of overall shifts than the size of muscle fibers. The increase in muscle force and percentage of largediameter fibers shows that there was a potent interaction between bupivacaine-induced muscle regeneration processes and ND availability.
Intramuscular injection of bupivacaine has been shown to cause extensive muscle fiber necrosis and loss in muscle mass (7, 40, 67) , which requires myogenesis during the initial phase of recovery to restore muscle mass (11, 27) . There is evidence that processes related to the ND induction of myofiber growth in injured muscle begin early in the recovery process. Although bupivacaine injection alone increased the incidence of smalldiameter fibers after 2 wk of recovery, anabolic steroid administration with injury induced a significantly greater number of small-diameter myofibers. This increase in small-diameter fibers may be the basis for sustained and accelerated NDinduced muscle enlargement throughout recovery. Skeletal ␣-actin gene expression, an essential sarcomeric protein, was significantly induced in injured muscle receiving ND at 14 days of recovery. The large induction of skeletal ␣-actin suggests that myofibers induced by regeneration and anabolic steroid administration are in an active growth state at 14 days of recovery. The present data extend these studies to demonstrate that anabolic steroid administration can accelerate the early myogenic response during regeneration from bupivacaine-induced muscle injury. The time course of myogenesis during the initial periods of recovery from bupivacaine or myotoxin-induced injury has been well described (25, 37, 64) . Initially, muscle repair involves the activation of an inflammatory response and removal of damaged tissue (58) . This phase is rapidly followed by satellite cell activation, which is required for myogenesis to proceed, and peaks 2-3 days postmyotoxin injury (45, 64) . Subjecting regenerating muscle to gamma irradiation blocks satellite cell activity and impairs muscle regeneration (43, 64) . Satellite cell replication and differentiation-related signaling are transiently increased after injury and typically returned to baseline after several days (25, 29, 64) . Administration of agents that inhibit the early inflammatory response can also alter satellite cell proliferation, which will attenuate the regeneration process (36, 43, 53, 64) . In rat skeletal muscle overloaded by ablation of synergists, simultaneous nandrolone administration can alter cell cycle regulator gene expression and suppress inflammatory gene expression at the onset of overload (33, 57) .
Cyclin D1 and MyoD are increased the first few days after injury, and this time corresponds to peak satellite cell activity (37, 64) . MyoD expression can stay elevated up to 28 days after myotoxin-induced injury (37) . The induction of MyoD expression appears important for small-diameter fiber growth during muscle regeneration. The inhibition of MyoD expression during regeneration from myotoxin injury increases smallfiber incidence at 28 days of recovery and indicate a failure of the regenerative response to proceed successfully (65) . The effect of anabolic steroids on myogenic gene expression during recovery from injury has not been previously examined. Androgens have a profound effect on skeletal muscle mass, in part, by activation of satellite cells (51) . The satellite cell has high expression of ARs and serves as a direct target for androgen action in muscle (13) . Our laboratory has previously reported ND administration increased both AR protein and cyclin D1 mRNA expression in rat hindlimb muscles (33) . In our present study, ND induced muscle cyclin D1 mRNA expression after 14 days in injured and uninjured muscle. Myogenic gene expression due to injury typically returns to baseline after 2 wk (37, 64) . ND administration may be widening the window of myogenic regulation during recovery and providing a mechanism for enhanced myofiber growth.
In the present study, ND induced muscle IGF-I mRNA expression, and this effect was magnified in injured muscle. IGF-I has been previously shown to enhance muscle regeneration (47, 56) . Increased circulating IGF-I (47) and local overexpression of IGF-I (47, 56) in injured muscle enhanced regeneration. Growth processes induced by this IGF-I expression are likely not isolated to myogenesis, since there was no change in gene expression for MyoD or cyclin D1 at 14 days of recovery. The accentuated IGF-I expression, coupled with ND-induced expression of MyoD and cyclin D1 mRNAs, could be a potent stimulus for fiber enlargement during the entire 42-day recovery period. Downstream targets of IGF-I signaling are activated by IGF-I overexpression during muscle regeneration (47) . Our findings suggest that Akt/GSK-3␤ signaling is activated early after injury, and this is independent of ND administration or endogenous testosterone. It has been shown that blocking testosterone will not block IGF-I expression after resistance training in men (23) . However, the IGF-I measurement was taken only at 24 h after the resistance training session, and an effect of testosterone or anabolic steroids may be to prolong elevated IGF-I expression. Injury alone did not increase IGF-I gene expression at 14 days, and the corresponding activity of Akt/GSK-3␤ signaling was also not induced. It appears that injured muscle receiving ND has a prolonged activation of Akt activity due to an exaggerated induction of IGF-I, which may promote myogenesis and myofiber growth. At 14 days after injury, the Akt/GSK-3␤ pathway was only active in nandrolone-treated groups, with the highest activity seen in the injured muscle receiving ND. This enhanced signaling activity mirrors the IGF-I expression at 14 days and could be an upstream activator of the Akt/GSK-3␤ pathway.
In summary, these data demonstrate that ND administration can enhance myofiber growth after regeneration from injury. At 5 days after injury, protein signaling within the IGF-I pathway is activated, regardless of circulating androgens. At 14 days after injury, growth-related gene expression and protein signaling significantly increased over injured muscle not receiving ND and ND treatment in uninjured muscle. Two key mechanisms could support the anabolic steroid-induced growth at this time point: 1) the increase in IGF-I seen in injury ϩ ND group; and 2) the increase in myogenesis observed with ND administration. The combination of the two elements could enhance fiber formation, which is supported by the large increase in small fibers seen with injury and ND. This process could set up later growth when given time to regenerate for 42 days after injury. We have shown an increase in large-diameter fibers at 42 days after injury and a reduction in small fibers with injury and ND treatment. These data have possible implications for the use of testosterone supplementation as a therapy to improve muscle regeneration in hypogonadal men. Exercise has been prescribed to preserve muscle mass in wasting conditions, including aging and disease-related cachexia, that are commonly associated with low levels of circulating testosterone. The combination of pharmacological and physical interventions may be complimentary to aid in successful recovery and maintenance of skeletal muscle in hypogonadal men.
